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N,N-Diethyl-3-methylbenzamide (DEET) is the most widely used insect repellent, exhibiting high
efficiency against a wide variety of species. In this work, a comprehensive isolated-molecule
investigation of DEET was conducted using chirp-excitation Fourier transform microwave (CP-FTMW)
spectroscopy within the frequency range of 7-14 GHz. Four out of the eight theoretically predicted con-
formers were detected and grouped in pairs based on their rotational constants and planar moments of
inertia. We also studied the non-covalent interactions of DEET by characterizing the attractive and
repulsive forces, which could explain the energetic ordering of the four conformers. In addition, DEET
has a methyl top bound to the benzyl ring which is predicted to rotate almost freely with respect to the
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Introduction

The use of insect repellents is one of the most common ways to
prevent the spread of diseases transmitted by disease vector
insects. For that purpose, plant-based compounds have been
used for thousands of years with satisfactory results. However,
in the mid-20th century, several synthetic repellents were
developed that were more effective, longer lasting, and less
noticeable than their natural counterparts." Some of these
synthetic repellents are designed for specific insects, although
there are repellents that work against a wide variety of species.”
By far the most widely used synthetic repellent is N, N-diethyl-3-
methylbenzamide (C;,H,,NO), also known as DEET (Fig. 1).
DEET is a yellowish oil that can be applied to clothing or
directly to the skin to protect against mosquitoes, fleas, ticks,
and many other insects. It is the most effective and widely used
compound in commercial repellents.®> However, after more
than five decades of use, its mechanism of action is still not
well understood.? Some studies suggest that DEET interferes
with the mosquito’s olfactory receptors involved in detecting
1-octen-3-ol,” or reduces the sensitivity of detecting lactic acid,®
both components of human sweat. The existence of a specific
DEET-sensitive olfactory receptor has also been suggested.”
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An understanding of the possible spatial arrangements of
DEET is necessary because the molecule’s structure, key func-
tional groups, and intramolecular forces all play a role in its
behaviour and effectiveness. By understanding its conforma-
tional panorama, we can better comprehend its interactions
within complex environments, such as solvation or protein
binding. A useful strategy is to study the molecule in an isolated
medium to obtain its intrinsic properties. Gas-phase investiga-
tions are a powerful approach that allows for isolated-molecule
studies, avoiding interference from the medium, such as sol-
vents or crystals.

In this context, rotational spectroscopy is a unique technique®
because of its unsurpased resolution, capable of discriminating
unambiguously between tautomers,” conformers," isotopologues™
and enantiomers.'>"* Due to the significant advances made in this
field in the last decade, chirp-excitation Fourier transform micro-
wave (CP-FTMW) instruments allow the acquisition of broadband
rotational spectra (several GHz) in a single frequency step, which in
practice means shorter measurement times compared to a stepped
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Fig.1 Chemical formula of N,N-diethyl-3-methylbenzamide (DEET) and
atom labelling.
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survey scan that has to average many sections sequentially.
Additionally, the spectrometer at the Universidad del Pais
Vasco'®'® has a sample injection, based in a pulsed valve
system, that allows it to work with three nozzles simulta-
neously, improving the integration time needed to achieve
the desired signal-to-noise ratio by an order of magnitude,
while decreasing the sample consumption.

This study presents the use of a CP-FTMW spectrometer
coupled to supersonic expansion along with molecular mechanics
and DFT calculations to explore the potential energy surface of
DEET, characterize its dominant conformations and study the
intramolecular interactions that stabilize them. The aim is to
facilitate future studies on DEET’s interactions with biological
receptors and to understand its mechanism of action.

Methodology
Computational modelling

A multi-step strategy was employed, which has successfully worked
in several reported systems."®"” First, an exhaustive conformational
search was performed on DEET using a fast molecular mechanics
method to find stable geometries. The Macromodel software'® was
used to implement advanced Monte Carlo and large-scale low
mode conformational search algorithms. The Merck molecular
force field (MMFFs)'® was selected, which has been parametrized
for a wide variety of organic functional groups, including amides,
and provides good results for conformational searches. In the
present case, not all the possible conformers were found by this
method (see below). The missing structures were drawn using
chemical intuition. The resulting structures were reoptimized using
density functional theory (DFT) calculations with the B3LYP**?!
functional and the def2-TZVP basis set. Grimme’s dispersion
correction and Becke-Johnson damping were also implemented.>*
The computations included harmonic frequencies to confirm the
geometries of the minima and obtain their zero-point corrected
energies. The calculations were conducted using Gaussian16 and
Orca 5.0.>*** Fig. 2 and Table S1 (ESIt) show the structures and
present the rotational parameters and energies for all the confor-
mers. Table 1 presents the rotational parameters and energies
obtained by DFT compared to the experimentally obtained results
for the observed conformers.

Experimental details

The CP-FTMW spectrometer at the Universidad del Pais Vasco was
used to record the rotational spectrum.™ The instrument is based
on Pate’s original design® and has been previously described.'® To
bring the DEET sample to the gas phase, it was heated to 423 K.
The resulting vapours were diluted in Ne as a carrier gas at 2 bar
and then expanded adiabatically through a small orifice into a
vacuum chamber as pulses of 900 ps duration from a solenoid
valve operated at a rate of 1 Hz. A 4 ps microwave chirp spanning a
frequency of 7 GHz causes a macroscopic polarization of the
sample. Following the excitation, a brief delay was allowed before
recording 20 ps of the free induction decay (FID) signal. Ten
excitation-detection cycles were collected on each supersonic
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Fig. 2 Side view of the DEET conformers illustrating the nomenclature
system. The conformers are grouped in almost isoenergetic pairs. The
toluene group has been kept semi-transparent for better visualization. The
conformers observed in this work are highlighted inside a red square.

expansion, resulting in an effective repetition rate of 10 Hz. The
final spectrum was generated by FFT after co-adding 450 000 FIDs.

Results and discussion
DEET potential energy surface

DEET has some flexibility arising from the relative orientation
of its functional groups. The quantum chemical computations,

This journal is © the Owner Societies 2024
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Table 1 Experimental rotational parameters and planar moments of inertia of the observed DEET conformers
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+sc/—ac/—sc 1

+ac/+ac/+sc 2

+sc/—ac/+sc 3

+ac/+ac/—sc 4

B3LYP Exp B3LYP Exp B3LYP Exp B3LYP Exp
A [MHz]* 1201 1198.98867(52)" 1178 1171.90097(88) 1313 1307.43287(61) 1134 1127.97608(24)
B [MHz] 415 415.63799(25) 436 437.10997(42) 399 397.92645(26) 440 439.35651(26)
C [MHz] 348 346.75536(23) 356 354.91352(51) 346 344.93085(30) 368 365.79335(29)
Dy [kHz)? 0.018 0.01390(76) 0.013 0.0123(15) 0.01 0.01340(89) 0.016 0.01935(91)
Dix [kHz)] 0.167 0.0673(40) 0.084 0.119(12) 0.154 0.0650(84) 0.027 —

D [kHZ] 0.015 0.1938(87) 0.031 —0.189(32) 0.026 — 0.112 —

aa [MHz]* 2.1 2.031(20) 1.7 1.558(38) 1.9 1.838(33) 2.1 1.959(34)

Job [MHZ] —0.6 —0.685(19) -0.3 —0.209(33) 0.6 0.636(29) —0.2 —0.162(31)

e [MHZ] 1.4 —1.346(19) —1.4 —1.348(33) —2.5 —2.474(29) -1.9 —1.796(31)

Py [uA2)¢ 1124 1125.92912(61) 1074 1074.44263(118) 1171 1174.32428(77) 1038 1041.91369(65)
Py [1A7] 327 331.52205(61) 344 349.50708(118) 289 290.83607(77) 335 339.68333(65)
Pec [1A%] 93 89.98236(61) 84 81.74011(118) 95 95.70692(77) 110 108.35720(65)
|al/|uwl/|1e| [D]Y  =0.0/2.7/2.3 No/Yes/Yes 0.6/3.2/1.9 No/Yes/Yes ~0.0/3.1/1.6 No/Yes/Yes 0.4/3.4/1.7 No/Yes/Yes
AEzpg [k mol ']/ 0 0.1 0.7 0.8

N 506 233 232 262

o [kHz]" 14 14 15 14

@ A, B, and C are the rotational constants. ? Dy, Dy and Dy are centrifugal distortion constants. © yaa, %bb, and y. are the N quadrupole coupling
constants. ¢ P,,, Py, and P are the planar moments of inertia. ® u,, w, and . are the dipole moments at each inertial axis. f AEypg, is the relative
energy difference to the lowest energy conformers. £ Number of fitted transitions. ” Root-mean-square deviation of the fit. ’ Error is given in

parentheses in units of the last digit.

considering an energy window up to 20 kJ mol~", predicted
eight stable conformations. Four of them were absent in the
conformational search and added to the list of potential con-
formers. The highest considered relative energy conformation
is 4.2 k] mol " above the global minimum (Fig. 2 and Tables S1
and S2, ESIT).

The conformers differ in the orientation of the carbonyl and
two ethyl chains. Thus, there are three dihedral angles which
define each conformer. The first dihedral, 6 (C6-C1-C8-01),
atom labelling in Fig. 1, indicates the position of the carbonyl
relative to the toluene. This dihedral can adopt four values of
around +50° (4sc) or around =+120° (+ac). The other two
dihedrals, ¢ (C8-N1-C9-C11) and 6 (C8-N1-C10-C12), define
the relative orientation of the two N-ethyl chains located in cis
and trans position of amide group respectively. Both can adopt
two dispositions, with the angle being either positive or nega-
tive and values near +80 (+ sc) for the dihedral angle ¢ and
+120° (+ ac) for the dihedral angle 6. The combination of the
four dispositions of é and two dispositions for ¢ and 6 dihedral
angles results in a total of eight enantiomeric pairs of con-
formations for DEET (Fig. 2, S1, and S2, ESIt). Since the
enantiomers have the same rotational spectrum, we don’t
distinguish between them in the remainder of the paper for
conciseness. The conformers are named by the three dihedral
angles 9, ¢, and 0 followed by the relative energy ordering, with
1 being the most stable one. Thus, the lowest energy structure
of DEET corresponds to +sc/—ac/—sc 1, while the highest energy
isomer considered here would be +ac/—ac/+sc 8 (Fig. 2).

It is interesting that the conformers group in four pairs of
almost iso-energetic structures. The conformers of each pair
have similar values of the rotational constants, dipole moment
components, and they exhibit opposed configurations for both
amid-ethyl chains (Fig. 2). From the total of eight conformers,
the four ones lowest in energy have been observed in the
experimental spectrum, while the other four are missing. This

This journal is © the Owner Societies 2024

could be due to relaxation processes of the higher energy forms
into the lower energy structures by collisions at the initial
stages of the supersonic expansion. To explore this, we per-
formed scans for each dihedral angle, keeping the other two
dihedrals fixed. Each DEET conformer is connected to three
other conformers by the change in just one angle, thus one-
dimensional scans are enough to investigate the connections
between eight forms (Fig. S2, ESIt). A similar behaviour was
recently observed in another molecule studied by microwave
spectroscopy, alpha-methoxy phenylacetic acid.>® The connec-
tions of the DEET conformers are summarized in Fig. S2 (ESIf).
The relaxed scans are represented in Fig. S3-S5 (ESIT) for the
change of each of the dihedral angles. The analysis of the
energy barriers for the potential energy surfaces shows that four
higher-energy conformers relax to the four energetically low-
lying structures due to the essentially barrier-free torsion about
the 0 dihedral angle, indicating that they might not be real
minima (Fig. S3, ESI}), thereby explaining why the initial
conformational search failed to find these conformers. The
other two torsions connecting conformers upon changing the ¢
and 0 dihedrals are obstructed by a rather high energy barrier
(Fig. S4 and S5, ESIT). Thus, the most possible explanation for
the absence of those conformers is that +sc/+ac/+sc 5 relaxes
into +ac/+ac/+sc 2; +ac/—ac/+sc 8 into +sc/—ac/+sc 3; +sc/+ac/—sc
7 into +ac/+ac/—sc 4; and finally +ac/—ac/—sc 6 into +sc/—ac/—sc
1 (Fig. S2, ESIT). Conversely, the barriers hindering the inter-
conversion between the observed species are much higher than
the 4.8 kJ] mol * limit estimated for a relaxation in a Ne

supersonic expansion.?”?®

Microwave spectrum

A highly dense broadband spectrum was observed (Fig. S6,
ESIt). The lines show the characteristic pattern of py,-type
R-branch transitions (Fig. 3). Four sets of rotational constants
could be obtained from spectral analysis and assigned to the

Phys. Chem. Chem. Phys., 2024, 26, 24455-24460 | 24457
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lower-energy four out of eight predicted conformations of
DEET. The task was completed by comparing the agreement
of the rotational constants, planar moments of inertia, nuclear
quadrupole coupling constants, and dipole moment compo-
nents with the theoretical values (Table 1). The spectra were
assigned using a semirigid rotor Hamiltonian in the symmetric
reduction and the I representation.® A comprehensive list of
measured transitions is collected in Tables S3-S6 (ESIt).

Examining the parameters in Table 1, the assignment is
straightforward as they are grouped in pairs based on the
corresponding angles (8 and ¢). The first pair, comprised by
conformers +sc/—ac/—sc 1 and +sc/—ac/+sc 3 features close
values of the rotational constants B and C, with A differing
more, but similar enough to be paired together. Some corre-
spondence can also be seen in the planar moments of inertia
(Table 1). The presence of a nitrogen atom in the molecule
induces a hyperfine structure due to the nuclear quadrupole
coupling, which we were able to resolve (Fig. S7, ESIt) and
obtain a set of nuclear quadrupole coupling constants. Those
are in a good agreement with the theoretical predictions
(Table 1). Although, the final corroboration that those two
conformers belong to the same group is given by the dipole
moment components (Table 1). Both structures, +sc/—ac/—sc 1
and +sc/—ac/+sc 3 have a low electric dipole moment y, and a
large component up,. The dihedral angle ¢, which defines the
orientation of the amide, is approximately 52° for both +sc/—ac/
—sc 1 and +sc¢/—ac/+sc 3. The two conformers can be distin-
guished by the dihedral 0, being —82° for +sc¢/—ac/—sc 1, while
being 80° for +sc/—ac/+sc 3.

The second pair comprises conformers +ac/+ac/+sc 2 and
+ac/+ac/—sc 4. As in the previous case, both species have similar
rotational constants and planar moments of inertia (Table 1).
For this family the dihedral angle ¢ is around 120°. The +ac/+
ac/+sc 2 conformer dihedral 0 is at 82°, while being —80° for
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Fig. 3 Excerpt of the DEET spectrum. The observed experimental spec-
trum is shown in the upward-pointing black trace, and the fitted spectra
are displayed in the downward-pointing coloured trace. Selected rota-
tional transitions are shown for +sc/—ac/—sc 1 (red), +ac/+ac/+sc 2 (blue),
and +ac/+ac/—sc 4 (green) where the hyperfine structure can be
observed. The full recorded spectrum is given in Fig. S6 (ESIF).
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conformer +ac/+ac/—sc 4. The two lowest energy conformers,
+sc/—ac/—sc 1 and +ac/+ac/+sc 2, are characterized by the
opposed configurations of ethyl chains. Both structures are
isoenergetic and more stable than their counterparts, +sc/—ac/
+sc¢ 3 and +ac/+ac/—sc 4, so it is reasonable to argue that the
most important contribution to the stability of the structures in
DEET is the orientation of the amide-ethyl chains.

Relative populations

The relative populations of the conformers in the supersonic jet
can be estimated from the experimental transition intensities
of the spectrum. Those intensities are assumed to be propor-
tional to N umz, N; being the number density of i species in the
supersonic jet, and p;, the corresponding electric dipole
moment component for the transition. Considering all the
observed rotational transitions (Tables S3-S6, ESIt) the relative
populations ratio is (in the same sequence as in Table 1)
34.4(0.8)/34.4(0.7)/17.2(0.6)/13.9(0.5), errors in parenthesis. As
expected, conformers +sc/—ac/—sc 1 and +ac/+ac/+sc 2 have
almost the same abundance in the supersonic expansion and
are more populated that the +sc/—ac/+sc 3 and +ac/+ac/—sc 4
species which also have the same abundance as each other. The
relative populations can also be estimated from the theoretical
calculations considering the Gibbs free energies at the experi-
mental conditions. In this case, as the eight conformations are
close in energy, we expect a relatively even distribution of the
theoretical populations. However, it is important to consider
the relaxation pathways described for the higher energy con-
formers. Thus, their theoretical populations will be added to
those of the conformers into which they relax. The relative
populations calculated for the eight conformers at 423 K are, in
the same order than in Fig. 2, from top to bottom and from left
to right, 23.3/6.7/13.6/4.4/39.0/9.1/2.2/1.7 respectively at the
B3LYP-D3BJ/def2-TZVP level of theory (Table S2, ESIT). Adding
the populations of the non-observed conformers to those into
which they relax results in a relative population of 32.3/45.7/
15.3/6.6, in good agreement with the experimental populations
(Table S2, ESIt). Surprisingly, even though the level of theory is
the same (B3LYP-D3B]/def2-TZVP), the populations using the
Gibbs free energies from the Orca computations are in much
better agreement with the experimental values than those from
Gaussian.

Internal rotation

DEET has a methyl top bound to the benzyl ring, which can
rotate with respect to the molecular frame. The internal rota-
tion causes each transition to exhibit a fine structure (fs)
resulting from the interaction of the internal and overall
rotation. The lines appear as doublets of A and E torsional
symmetry species, and the distance between both components
depends on the height of the potential barrier (V;) hindering
internal rotation.® The internal rotation of toluene-like mole-
cules has been studied.>®° These molecules are characterized
by very low values for the internal rotation barrier, V3, which
makes the spectroscopic analysis challenging. An energy scan
for the three methyl groups of DEET was performed to predict

This journal is © the Owner Societies 2024
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140

the barrier height value (Fig. 4). As expected, the alkyl chain’s
methyl groups have barriers of 11.9 k] mol " and 9.4 kJ mol *,
respectively. These values are high enough to exclude them
from causing a fs. However, the methyl top attached to the
benzene ring has a predicted barrier of around 0.1 kJ mol ™"
(8.6 cm™ ). This value is similar to other toluene-like molecules
and is characteristic of an almost free rotor. The low value of
the internal rotation barrier causes a fs that can span several
GHz in the spectrum, making it challenging to identify the E
component. This work does not include an analysis of the
internal rotation barrier of DEET, and only the A state transi-
tions were included in the fits.

Intramolecular interactions

The relative stability of the four measured DEET conformers
can be interpreted using non-covalent interaction (NCI)
plots®*? to study intramolecular interactions. Such NCI plots
(Fig. 5) help to visualize and characterize the attractive or
repulsive forces. The Laplacian of the electron density, V?p, is
a commonly used tool to distinguish between different

0.02

interactior  repulsion

sign(A,)p
———
Strong
attraction

)
=)
&l
S

+sc/-ac/+sc 3

+ac/+ac/-sc 4

Fig. 5 Non-covalent interaction (NCI) analysis for the four detected DEET
conformers; the sign of 7, distinguishes the different types of interactions.
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interaction types. The Laplacian of the electron density Hessian
matrix has contributions from all three principal axes of max-
imal variation, each with its own eigenvalue. The second
eigenvalue, 1,, distinguishes between various types of non-
covalent interactions, including hydrogen bonding, dispersion,
and steric interactions. A negative 4, indicates strong attrac-
tion, while a positive 4, implies repulsive interactions. Values
close to 0 are typically interpreted as weak interactions.

In the case of DEET, the four isomers exhibit similar
interactions. The conformers are stabilized by a CH- - -w attrac-
tion from one of the ethyl groups to the benzene ring. The other
ethyl group establishes a CH- - -O interaction with the carbonyl
(Fig. 5). Beside those interactions, the conformers in +sc/—ac/
+sc 3 and +ac/tac/—sc 4 present a more dominant CH---HC
interaction between the two ethyl groups (Fig. 5). In the four
cases, there is another common attraction located between the
oxygen and one of the aromatic ring hydrogen atoms. The
difference in the stability between the +sc/—ac/—sc 1 - +ac/+ ac/
+sc 2 and +sc/—ac/+sc 3 - +ac/+ac/—sc 4 conformations could be
explained in terms of the force present in the amide region,
which seems to be less attractive and more repulsive for
conformers +sc/—ac/+sc 3 and +ac/+ac/—sc 4 (Fig. 5).

Conclusions

We explored the structure and intramolecular interactions of
the most used synthetic repellent, DEET. The current work
reinforces the use of rotational spectroscopy assisted by com-
putational modelling as a powerful tool for accurate conforma-
tional analysis of flexible biomolecules. A careful analysis of the
experimental rotational spectrum has detected four confor-
mers, predicted to have rather low relative energies according
to theoretical computations. We also estimated the relative
populations from the experimental intensities, corroborating
their closeness to the theoretical predictions. DEET exhibits a
methyl top, behaving as an almost-free rotor, similar to the
methyl group in toluene. This work provides the foundations
for future microsolvation and molecular recognition studies of
intermolecular complexes to elucidate the structure-activity
relationship of these types of compounds.
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